The really interesting new gene (RING) finger protein 8 (RNF8) is a central factor in DNA double strand break (DSB) signal transduction. DSB damage is the most toxic type of DNA damage to cells and is related to genomic instability. Multiple roles for RNF8 have been identified in DNA damage response as well as in other functions, such as telomere protection, cell cycle control and transcriptional regulation. These functions are closely correlated to tumorigenesis and cancer progression. Indeed, deficiency of RNF8 caused spontaneous tumorigenesis in a mouse model. Deciphering these mechanisms of RNF8 may shed light on strategies for cancer treatment. In this review, we summarize the current understanding of both classical and nonclassical functions of RNF8, and discuss its roles in the pathogenesis and progression of tumor.
Introduction
The really interesting new gene (RING) finger protein 8 (RNF8) is a member of the RING finger family that was initially identified by Seki in 1998 [1] . The gene encoding RNF8 is located at chromosome 6p21.3 and is expressed ubiquitously in a variety of human tissues except for spleen. It consists of two functional domains, which are N-terminal forkheadassociated (FHA) domain and C-terminal RING finger motif. The FHA domain is responsible for proteinprotein interaction, while the RING finger motif is involved in ubiquitin ligase activity. Multiple RING finger proteins exist as a cluster at chromosome 6p21.3, and several RING finger proteins are involved in transformation and tumorigenesis, such as PML and TRIM24 [1] . E3 ubiquitin ligases determine substrate specificity and ubiquitination type, and the RING finger-containing E3 ligase family represents the largest among E3 ubiquitin ligases. RNF8 functions in histone H2A and H2B mono-ubiquitination in the context of DNA damage and facilitates propagating DNA damage signal, which is essential for DNA damage repair and cell cycle checkpoint activation to maintain genomic stability [2, 3] . RNF8 also catalyzes lysine (K) 48 or K63 poly-ubiquitination through its interactions with class III E2 ubiquitin conjugating enzymes (UBE2E2, UbcH6, and UBE2E3) or UBC13, respectively [4] [5] [6] . RNF8 is also an essential factor for protection of telomere end integrity and regulates cell cycle progression. Deficiency of RNF8 in mice led to tumorigenesis, which might be caused by genomic instability [7, 8] . However, RNF8 may have dual effects on tumorigenesis, as recent reports showed that RNF8 promoted tumor growth and metastasis through coactivating the transactivation of certain transcription factors [9, 10] . In this review, we discuss the functions of RNF8 that are closely related to tumorigenesis and progression of cancer.
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DNA damage response
The main function of RNF8 is to transduce DSB signal (figure 1). DSB is the most toxic DNA damage induced by exogenous and endogenous stimuli, such as ionizing radiation (IR) and reactive oxygen species (ROS), respectively [11] . The two main mechanisms of DSB repair are nonhomologous end joining (NHEJ) and homologous recombinational (HR) repair. In the initial stages of recognizing DSBs, the Mre11-Rad50-Nbs1 (MRN) complex senses the damage and recruits the serine/threonine kinase ATM to damage sites. After activation by autophosphorylation, ATM phosphorylates the C-terminus of histone H2A variant (H2AX), which is referred to as γH2AX [11] [12] [13] . MDC1 interacts with γH2AX through its BRCT domain and functions as a platform to recruit downstream signal proteins [11, 14] . RNF8 recognizes phosphorylated MDC1 via its FHA domain [15] [16] [17] [18] . However, it may be inaccessible for RNF8 to get access to the C-terminus of H2A around unfolded chromatin. RNF8 recruits NuRD ATPase CHD4 (a chromatin remodeling factor required for efficient DNA damage response) to DSB sites to promote extensive decondensation of chromatin. This local chromatin environment facilitates following ubiquitin conjugation [19] [20] [21] . The JMJD1C demethylase interacts with RNF8 and is stabilized, leading to demethylation of MDC1 at K45, which promotes MDC1 association with RNF8 [22] . RNF8, by coordinating with the UBC13 E2 enzyme, catalyzes K63 ubiquitination of histone H2A and H2AX around DSB sites [5, 14, 15] . The ubiquitination chain is amplified by RNF168, another RING finger E3 ubiquitin ligase [23] .
Lethal malignant brain tumor-like protein 2 (L3MBTL2) participates in the DNA damage response pathway and is a link between RNF8 and RNF168. L3MBTL2 is a putative polycomb group protein that plays an essential role in embryonic development and is commonly mutated in various cancers. L3MBTL2 contains an MBT domain that recognizes methylated histones. L3MBTL2 is phosphorylated by ATM and is then recruited by MDC1. Phosphorylated L3MBTL2 is Figure 1 . The role of RNF8 involves in DSB signaling pathway. The MRN complex senses the DSB and recruits ATM. Upon being activated by autophosphorylation, ATM phosphorylates histone H2AX (γH2AX). MDC1 recognizes γH2AX and is phosphorylated by ATM and then acts as a platform that recruits RNF8. RNF8 binds CHD4 to decondense chromatin and allow RNF8 to access H2A. RNF8 promotes monoubiquitination of H2A/H2AX with the help of DYRK2. Upon phosphorylation by ATM, L3MBTL2 associates with MDC1 and is polyubiquitinated by RNF8. Ubiquitinated L3MBTL2 recruits RNF168, which amplifies the polyubiquitination chain of H2A/H2AX. After being stabilized by RNF8, JMJD1C facilitates the demethylation and ubiquitination of MDC1. This effect promotes the recognition of RAP80 to ubiquitination signal. Subsequently, BRCA1 complex is recruited to RAP80 via CCDC98 and induces the downstream HR repair by Rad51 through PALB2. The RNF8-UBC13 complex also catalyzes K48 polyubiquitination of JMJD2A. The degradation of JMJD2A promotes the interaction of 53BP1 with methylated H3/H4 and induces NHEJ repair. 53BP1 is also recruited to K15 polyubiquitinated H2A conjugated by RNF8 and RNF168. The RNF8 partner DYRK2 also facilitates the recruitment of 53BP1 to DSB sites.
subsequently ubiquitinated by RNF8, which promotes the localization of RNF168 to DSB sites [24] . Therefore, L3MBTL2 dictates the sequential order of RNF8-and RNF168-mediated ubiquitination of histone H2A and H2AX. By interacting with RNF8, JMJD1C also promotes RNF8-UBC13 mediated K63 polyubiquitination of MDC1 at K1977 [22, 25] . RAP80, which contains ubiquitin-interacting motifs binding to K63 type polyubiquitination chains [26] [27] [28] [29] , recognizes the ubiquitination signal assisted by JMJD1C, which further recruits BRCA1-BARD1 complex via CCDC98 to DSB sites [25, [30] [31] [32] [33] [34] . For further repair, the PALB2 molecular scaffold acts downstream of BRCA1 and recruits the RAD51 recombinase [35] , which catalyzes homologous DNA strands to exchange for HR repair. In addition, RNF8 interacts and ubiquitinates a member of the MRN complex, Nbs1, to stabilize its binding to DSB and promote HR repair [36] . RNF8 also participates in ubiquitination and subsequent degradation of the JMJD2A demethylase, which previously binds to methylated histone H3/H4. Ectopic expression of JMJD2A results in abolishing the recruitment of 53BP1 to dimethylated H4K20 [37] . This indicates that RNF8 controls the recruitment of 53BP1 to regulate DNA repair via the degradation of JMJD2A. Dual specificity tyrosine phosphorylationregulated kinase 2 (DYRK2), which phosphorylates p53 at Ser46 to induce cell death [38] , functions as a partner of RNF8 to facilitate γH2AX monoubiquitination and 53BP1 recruitment [39] . The detailed mechanism of DYRK2 in facilitating RNF8-mediated DNA damage response needs further investigation. In addition to recognizing dimethylated H4K20, 53BP1 also acts as a reader of K15 ubiquitination of H2A catalyzed by RNF8 and RNF168 [40] . Subsequently, 53BP1 induces NHEJ repair of DNA damage [41] .
In addition to its function in DSB signaling, RNF8 is also involved in UV-induced DNA singlestrand break damage. RNF8 coordinates with the E2 ubiquitin-conjugating enzyme UbcH5c to target p12 (a subunit of DNA polymerase δ) for K48-polyubiquitination and subsequent degradation, which switches polymerase δ4 to δ3 for genoprotection [42] . Thus, RNF8 is an essential factor to transduce DNA damage signals and maintain genomic stability.
Protection of chromosome ends
RNF8 also participates in telomere protection to sustain chromosome integrity, which is critical for the maintenance of genomic stability. The telomere is a protective structure on the ends of chromatin that prevents deterioration or improper fusion of chromosomes. The telomere is comprised of stretches of TTAGGG-repeats bound by the shelterin complex (composed of TRF1, TRF2, RAP1, TIN2, TPP1 and POT1) [43] . Loss of telomere protection gives rise to the recognition and recruitment of DSB signaling factors. Shelterin prevents activation of the ATM and ATR response and inhibits inappropriate repair by NHEJ and HR, thus protecting chromosome ends against improper ligation [43, 44] . A previous study showed that silence of TRF2 induces classical NHEJ (C-NHEJ), while inactivation of TPP1-POT1 elicits alternative NHEJ (A-NHEJ) [45] . The resultant dysfunctional chromosomes induce aberrant cell division, which leads to genomic instability.
Peuscher et al. [46] used a system for temperature-sensitive inactivation of TRF2, in which TRF2 detached from telomere at 37~40°C and induced C-NHEJ mediated chromosome end fusion. Under this condition, RNF8 mediated the ubiquitination of H2A on uncapped telomeres, while depletion of RNF8 significantly reduced the level of H2A ubiquitination and the accumulation of 53BP1 and phosphorylated ATM in this region. Furthermore, the accumulation of these two proteins is known to promote C-NHEJ and aggravate genomic instability. These results suggest that RNF8 is required for C-NHEJ-mediated chromosome fusion with uncapped telomeres. Otherwise, the deficiency of RNF8 was not found to affect the accumulation of TRF1, TRF2 and RAP1 on telomeres. Loss of RNF8 reduced the stabilization of TPP1 and the recruitment of TIN2, TPP1 and POT1 on telomeres dependent on the E3 activity of RNF8 [47] . These findings indicate that RNF8 is involved in suppressing A-NHEJ at telomeres, which further protects chromosome end integrity.
Chromosome ends also need protection during telomere replication. Timely resolution of cohesion in G2/M phase is important to protect telomere integrity and inappropriate fusion of chromosome ends [48, 49] . Poly (ADP-ribose) polymerase tankyrase 1 is the essential factor required for timely removal of cohesion at telomeres [50] . RNF8-mediated K63-polyubiquitination of tankyrase 1 promotes its stability and association with telomere, and then facilitates the resolution of sister telomere cohesion [51] .
Taken together, these results show that the E3 ligase activity of RNF8 plays an essential role in chromosome end protection by repressing A-NHEJmediated telomere fusion and by participating in timely resolution of cohesion at telomeres during replication to maintain chromosome end integrity. However, if the telomere is already uncapped by depletion of TRF2, RNF8 may promote C-NHEJ, which induces telomere fusion and further generates genomic instability.
Cell cycle regulation
Parental cells must faithfully transmit genetic information to daughter cells during cell division. This requires the appropriate coordination of mitosis with cytokinesis, the final event of cell cycle that occurs concurrently with mitosis. Failure of mitotic checkpoint and cytokinesis can result in genomic instability which contributes to cancer development [52, 53] . RNF8 also participates in maintaining genomic stability by regulating mitosis and cytokinesis. RNF8 is the human homolog of Saccharomyces cerevisiae Dma1p/Dma2p and Saccharomyces prombe Dma1p, which share the same domains of N-terminal FHA and C-terminal RING domains [54] . Dma1p/ Dma2p are mitotic checkpoint proteins localized to the midbody that help sustain mitotic arrest when the spindle check point is activated with microtubule damage [55, 56] . The midbody localization of human RNF8 during cytokinesis was confirmed by Plan et al [57] , suggesting the regulatory function of RNF8 in cytokinesis. The authors also demonstrated that RNF8 showed cell-cycle dependent turnover, and its expression reached a peak in mitosis and decreased sharply in late mitotic stages. Tuttle and colleagues [54] synchronized RNF8 silenced U2OS cells at the G1-S boundary and treated the cells with microtubule poison nocodazole. The percentage of nocodazoleinduced mitotic arrest cells decreased when RNF8 was knockdown, indicating that depletion of RNF8 compromised the ability to maintain mitotic arrest. The mechanism of RNF8 enforcing mitotic arrest in response to nocodazole might involve the inhibition of degradation of the substrates of anaphasepromoting complex (APC), such as cyclin A, cyclin B1, Aurora-A and Aurora-B. APC is required for progression and exit from mitosis, and its substrates decreases when cells exit mitosis [58] . However, the cell cycle inhibitor p27/KIP1 might also plays a role in RNF8 mediating nocodazole-induced mitotic arrest, as p27/KIP1 levels increased when cells exit mitosis and enter G1 [59] . The depletion of RNF8 reduced the protein levels of cyclin A and Aurora-B and maintained the high level of p27/KIP1 in cells treated with nocodazole, suggesting that RNF8 plays an important role in enforcing mitotic arrest in response to nocodazole. Depletion of RNF8 in HeLa cells delayed mitosis exit after release from nocodazole treatment [57] . In addition, overexpression of RNF8 delayed the resolution of cytokinesis, associated with the decreased recruitment of checkpoint protein Mad2 to kinetochores after nocodazole treatment, which was attenuated by diminishing the E3 ligase activity of RNF8. The localization of Mad2 to kinetochores is an early event for spindle assembly checkpoint activation by nocodazole. These results indicate that the E3 ligase activity of RNF8 is required for efficient mitosis exit and appropriate cytokinesis [57] . A function for RNF8 in regulating cytokinesis was also shown by Chahwan et al [60] , and RNF8 localized to centrosomes and cell division sites. The authors found that RNF8 ubiquitinated the septin SEPT7, the human homolog of yeast septin Shs1 [61, 62] . Septins are critical factors for cytokinesis. RNF8 mediatedubiquitination was required for the organization and function of SEPT7, and interference of this process by inactivating RNF8 caused inadequate cell abscission resulting in cytokinesis defects. These observations suggest that RNF8 plays an essential role in the regulation of mitosis and cytokinesis progression. Previous studies showed that cytokinesis failure induced multinucleated cells and further caused genomic instability, which is critical for tumorigenesis [63, 64] . Therefore, precise regulation of the expression of RNF8 at a proper level appears to be required for cellular homeostasis.
Transcriptional regulation
In addition to the roles of RNF8 in DNA damage signal transduction, chromosome end protection and regulation of mitosis and cytokinesis, whose defects account for genomic instability-related tumorigenesis, RNF8 also acts as a transcriptional coregulator in tumor development. RNF8 was initially identified as a binding protein for transcription factor retinoid X receptor α (RXRα) by two-hybrid screening, β-galactosidase assays and GST pull-down assays [65] . RXRα is one subtype of the retinoid X receptor (RXR), whose ligand is retinoid acid (RA). RXRα affects the proliferation and differentiation of various cell types through regulating RA-mediated gene transcription. RNF8 co-localized and interacted with RXRα via its FHA and RING domains. Overexpression of RNF8 dramatically increased RXRα transactivation and the transcription level of its downstream genes RBP2 and RARβ, even without the RA ligand. Furthermore, ligand addition enhanced the ability of RNF8 to upregulate transactivation activity of RXRα [65] . However, RNF8 does not affect the ubiquitination of RXRα, and the mechanism by which RNF8 upregulates RXRα has not been clearly elucidated [65] .
Recent studies have demonstrated that RNF8 regulates the transcriptional activity of other transcription factors dependent on its E3 ligase activity. In addition to the role in DSB signal transduction, RNF8-mediated K63-linkage ubiquitination also plays a pivotal function in transcription activation of the epithelial-mesenchymal transition (EMT)-related transcription factor Twist. Twist mainly functions in cell lineage determination and differentiation. Twist overexpression was found to render EMT and cancer stem cell (CSC) features to breast cancer xenografts and a transgenic mouse model [66, 67] . The expression level of Twist was also induced by epidermal growth factor (EGF) [68] . Lee et al. [9] found that RNF8 directly catalyzed K63 ubiquitination of Twist in breast cancer cells with EGF treatment, and the modification further promoted Twist protein stability and nuclear translocation (figure 2). As the repression of E-cadherin gene transcription is a well characterized readout for Twist and EMT activity, a luciferase assay system driven by the E-cadherin promoter was established to elucidate whether the transcriptional activity of Twist was regulated by RNF8 [69] . Overexpression of Twist effectively suppressed E-cadherin transcription, while the deficiency of RNF8 repressed this activity of Twist. These results indicate that RNF8 acts as a transcriptional coactivator of Twist via its E3 ligase activity.
RNF8 is also a coactivator of another transcription factor, estrogen receptor α (ERα) (figure 2), which is a member of the hormone receptor superfamily. Upon ligand binding, ERα is activated and translocates to nucleus to drive the transcription of various target genes involved in cell proliferation, differentiation and breast cancer development [70] [71] [72] . Wang et al. [10] showed that RNF8 interacted and co-localized with ERα in an estrogen (E2)-dependent manner in breast cancer cells. Overexpression of RNF8 enhanced ERα transactivation while silencing of RNF8 attenuated ERα transactivation using well characterized ERα luciferase assay system in the presence of E2. The FHA domain and RING finger motif in RNF8 were both required for the effect of RNF8 reinforcing ERα transactivation. The function of RNF8 on upregulation of ERα transcriptional activity was confirmed by testing the transcription level of ERα target genes (MYC, CCND1, E2F1, TERT and TFF1) by knockdown of RNF8. Moreover, the authors found that RNF8 was recruited to the ERα-responsive elements in the MYC and TFF1 promoters by E2 treatment, which further suggests that RNF8 is a coactivator of ERα. Another mechanism of RNF8 upregulating ERα might be due to RNF8 enhancement of ERα stability via promoting its monoubiquitination. (1) RNF8 promotes K48 polyubiquitination and degradation of N1ICD, thereby causing the downregulation of Notch signaling. RNF8 also transduces DSB signaling to repair DNA damage. These two pathways help to restrain the tumorigenesis of breast cancer. (2) With EGF-or DSB-inducing drug treatment, RNF8 conjugates K63 polyubiquitination of Twist, which promotes Twist stabilization and activation. This induces CSC selfrenewal and increases cell mobility to render chemoresistance and metastasis capacity to TNBC cells. (3) RNF8 interacts with and promotes monoubiquitination of ER which partially contributes to the stabilization of ER. RNF8 enhances the transactivation of ER and upregulates ER target genes with estrogen treatment, which increases breast cancer proliferation.
RNF8 mediated K63-linkage polyubiquitination of H2A/H2AX around DSB transduces the DNA damage response signal to downstream repair factors [5, 14, 15, [30] [31] [32] [33] 35] . RNF8-mediated K63 polyubiquitination and monoubiquitination have also been found to increase transcriptional activity of Twist and ERα. In addition, RNF8 coordinated with the E2 ubiquitinconjugating enzyme Ube2S to promote K11 polyubiquitination on H2A/H2AX, which was involved in DNA damage-induced transcriptional silencing [73] . Whether RNF8 upregulates or downregulates transcription in different contexts and whether it participates in the regulation of other transcription factor transactivation or via promoting different types of ubiquitination linkage needs further research.
Tumorigenesis and cancer progression
As an important factor in propagating DSB signaling, RNF8 plays a critical role in maintaining genomic stability as demonstrated by RNF8 knockout mice, which were predisposed for tumorigenesis of lymphoma (50%), thymoma (38%), mammary carcinoma (13%), skin tumor (13%) and sarcoma (13%) [7] . The expression level of tumor suppressor p53, which is the central cellular response regulator to DNA damage, was also increased in RNF8 knockout mice. Additional knockout of p53 increased the level of genomic instability and tumor incidence, suggesting a synergistic role of RNF8 and p53 in maintaining genomic stability and suppressing tumorigenesis [74] . Thus, RNF8 is considered to be a tumor suppressor.
A recent study showed that RNF8 suppressed mammary tumorigenesis [8] (figure 2). The loss of RNF8 in female mouse mammary epithelium cells (MECs) caused spontaneous mammary tumors in mice. RNF8 negatively regulated the Notch signaling pathway through targeting N1ICD degradation by promoting its K48 polyubiquitination, which restrained the expansion of mammary luminal progenitors. N1ICD, the intracellular domain of NOTCH1, is released upon NOTCH1 binding to its ligand and then translocates into nucleus to activate target gene transcription. The release of N1ICD acts as the critical step for Notch signaling activation [75, 76] . It was consistent with the elevated level of N1ICD and activated Notch signaling in MEC specific deficiency of RNF8 in female mice and RNF8 deficient human breast cancer cell lines. Gene expression profile analysis based on The Cancer Genome Atlas (TCGA) data also supported the inverse relationship between RNF8 expression and Notch signaling.
Furthermore, DSB levels and p53 activation were increased in MEC RNF8-defient (RNF8 -/-) female mice. Additional homozygous or heterozygous TP53 mutations in MECs increased the mammary tumorigenesis. As a result, RNF8-deficient mice and human breast cancer cell showed enhanced sensitivity to combined treatment of GSI (gamma secretase inhibitor, Notch inhibitor) and PARPi (PARP inhibitor). These results uncover the tumor prevention role of RNF8 and provide insight into treatment to tumors with defective expression or function of RNF8.
In contrast to its tumor suppressive functions, RNF8 may also play positive roles in tumor progression. The mRNA level of RNF8 was found to be higher in colorectal cancer than in normal tissues [77] , which suggests RNF8 may promote the survival of certain cancers. The silencing of RNF8 by specific siRNA in nasopharyngeal cancer (NPC) cells enhanced the sensitivity of NPC cells to irradiation. NPC cells silenced for RNF8 also exhibited increased growth inhibition and apoptosis compared with control cells. Furthermore, the expression of checkpoint proteins Chk1 and Chk2 and DNA damage proteins ATM and Nbs1 was reduced in RNF8 knockdown cells with irradiation treatment, which impeded DNA repair function. The repair capacity of irradiation-induced DNA damage is a common factor for NPC recurrence after radiation therapy [78] . These results suggest that RNF8 is required in NPC cells for resistance to radiation therapy. Consistent with this notion, Zhan et al [79] demonstrated that the absence of RNF8 sensitized bladder cancer cells to radiotherapy, and this result was further confirmed in bladder tumor-implanted nude mice. Taken together, these results suggest that RNF8 may be a potential target for treating radiation-resistant cancers.
A positive relation between RNF8 and breast cancer progression was also recently observed. Breast cancer is the most frequently diagnosed and the leading cause of death among females worldwide [80] . Overexpression of RNF8 in MCF-7 breast cancer cells was found to enhance EMT phenotype, while silencing RNF8 promoted MET in MDA-MB-231 cells. This effect of RNF8 was probably mediated by inactivation of GSK3β and activation of the β-catenin pathway. The inhibition of GSK3β causes the accumulation and nuclear translocation of β-catenin, which activates EMT-related gene transcription [81] . Overexpression of RNF8 in MCF-7 cells promoted the phosphorylation of GSK3β and further inhibited the activity of GSK3β [82] . The phosphorylation of β-catenin decreased and its protein level increased in RNF8 overexpressed cells, while phosphorylated β-catenin increased and its expression decreased in RNF8 silenced cells. These results were also confirmed by the depletion of RNF8 in MDA-MB-231 cells. This indicates that RNF8 may participate in promoting EMT through β-catenin activation.
ERα is expressed at a high level in approximately 70% of breast cancers [10, 83] . The main treatment for ERα-positive luminal breast cancer is through drugs that block its activity, such as hormone therapy (temoxifen) [84] . However, many patients who are treated with temoxifen showed therapy resistance with activated ERα signaling [85] [86] [87] [88] . The activity of ERα can be regulated by various cofactors (co-activators or co-repressors) and the aberrant expression of cofactors can render ERα additional agonistic activity, driving breast cancer progression and enhancing drug resistance [89, 90] . Thus, it is necessary to identify ERα cofactors that are abnormally expressed in breast cancer and to understand the mechanisms of regulating ERα activity. RNF8 is a newly identified coactivator of ERα [10] . The expression of RNF8 was found to be higher in malignant breast cancer tissues compared with normal tissues and was strongly correlated to lymph node metastases and poor survival [82] . The increased level of RNF8 in breast cancer samples was positively correlated with ERα expression. RNF8 might promote breast cancer cells proliferation by upregulation of ERα transactivation and its target genes expression [10] (figure 2).
Among breast cancers, approximately 15%~20% cases are triple negative breast cancer (TNBC), which lacks of estrogen receptor, progesterone receptor and shows HER2 overexpression [91] . TNBC is the most aggressive subtype of breast cancer [92] . Although TNBC is initially sensitive to chemotherapy, there is a high risk of relapse in patients with activated EMT characteristic and CSC enrichment [91, [93] [94] [95] . EMT program is central to cancer metastasis, which is mediated by EMT-inducing transcription factors (EMT-TFs), such as Slug, Snail, Twist and Zeb1. These EMT-TFs are also linked to CSC property acquisition [96] . Tumor cells that have undergone EMT show enhanced resistance to various therapies [97] [98] [99] . Defining the mechanism of EMT regulation is critically required and may provide an insight into developing therapies for cancer metastasis and treatment resistance. Recently, RNF8 was found to be involved in the progression of TNBC. Upregulated RNF8 expression in advanced breast cancer was positively correlated to disease progression and poor survival rate. RNF8 enhanced the breast cancer cell EMT and CSC self-renewal by stabilizing Twist protein levels and promoting its nuclear localization and upregulating its transcriptional activity, which endowed chemoresistant capacity to breast cancer cells [9] (figure 2).
Together these results suggest that RNF8 may be a protector in normal cells from DNA damage induced by exogenous or endogenous stimuli, and the absence of RNF8 would confer high cancer risk. In contrast, RNF8 may have malignant activities in cancer by facilitating DNA damage repair after radiotherapy or by activating β-catenin signal and transcription factors Twist as well as ERα.
Conclusion remarks and perspectives
The RNF8 E3 ligase, initially identified as a DSB signal transductor, conjugates mono and polyubiquitination chains to histone H2A/H2AX around DSB to transduce damage signals to repair proteins involved in DSB repair [5, 14, 15, [30] [31] [32] [33] 35] . Failure of DSB repair results in genomic instability, and indeed, RNF8 knockout mice developed several kinds of tumors [7] . RNF8 also functions in the protection of chromosome ends integrity. RNF8 plays an important role in suppressing A-NHEJ, which inhibits the improper fusion of telomeres [47] , and facilitates timely resolution of cohesions during telomere replication [48] . These activities protect the integrity of chromosome ends and genomic stability. RNF8 also participates in mitosis regulation. Defect in this function results in cytokinesis failure, which causes multinucleated cells and genomic instability [57, 60, 100] . Thus, RNF8 plays essential roles in protecting genomic stability. Genomic instability is known as a pivotal cause of tumorigenesis [64] . Furthermore, female mice with deficiency of RNF8 in MECs exhibit spontaneous mammary tumors, since the loss of RNF8 results in impaired DSB repair and sustained activation of Notch signaling [8] . These findings indicate that RNF8 probably protects against tumorigenesis in some contexts.
In contrast, the DNA damage response function of RNF8 in certain cancers is involved in radiation therapy resistance [78, 79] . When the telomere was already uncapped by deletion of TRF2, the E3 ligase activity of RNF8 in promoting H2A ubiquitination helped to induce C-NHEJ and further caused genomic instability [46] . Furthermore, expression of RNF8 was found to be higher in breast cancer than in normal tissues and was correlated to poor prognosis [82] . RNF8 activated the β-catenin pathway via its E3 ligase activity and promoted EMT phenotype of breast cancer cell [82] . RNF8 also acted as a coactivator of transcription factor Twist and ERα and enhanced breast cancer cell growth and metastasis via upregulation of these two transcription factors [9, 10] . Together these observations suggest that RNF8 also shows roles in promoting tumor development.
These results suggest a "double-edged sword" role of RNF8 in tumorigenesis and leads to important questions. In addition to its effect on genomic stability, does RNF8 play other negative roles in tumor development? Does RNF8 impact tumor development dependent on different stage of progression or different type of tumors? Does RNF8 acts as a coregulator of other transcription factors or participate in the other cell signal pathway? Future studies are required to address these questions and decipher the paradoxical roles of RNF8 in different types of tumors and under different conditions.
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